Introduction
Most microbial species naturally grow as sessile, matrixencapsulated, multicellular communities, called biofilms, which attach to surfaces or air-liquid interfaces (Fux et al., 2005; Lopez et al., 2010; Islam et al., 2012) . Biofilm growth is a programmed process, in which participating cells must establish physical contacts and chemical communications among each other, and constantly adapt to the changing microenvironments within the growing three-dimensional architecture (Davies et al., 1998; Hogan and Kolter, 2002; Camilli and Bassler, 2006; Sakuragi and Kolter, 2007) . The varied growth dynamics within biofilms result in considerable cellular heterogeneity, which along with the physical protection from the extracellular matrix, promotes bacterial persistence under exogenous stress (Stoodley et al., 2002; Davies, 2003) . In the human body, a vast majority of microbial infections are considered to occur as biofilms, which are extraordinarily recalcitrant to antimicrobial therapeutics (Mah and O'Toole, 2001; Davies, 2003; Fux et al., 2005; Hoiby et al., 2010) . Biofilms also constitute a unique host-pathogen interface, in which the resident microbes manipulate and evade host immunity to facilitate their persistence (Leid et al., 2005; Anderson and O'Toole, 2008; Prabhakara et al., 2011) .
The assemblage of microbes into biofilms proceeds through distinct stages. These include the attachment of single-cell planktonic microbes onto a substratum; aggregation and growth of the adherent cells into threedimensionally organized structures; and encapsulation of the structures by a self-produced matrix of extracellular polymeric substance. Each of these stages, defined by specific genetic requirements, is hierarchically ordered in the developmental processes (Pratt and Kolter, 1998; Stanley and Lazazzera, 2004; Moorthy and Watnick, 2005; Petrova and Sauer, 2009 ). For example, Vibrio cholerae biofilm development requires cheY-3 dependent monolayer formation, which is subsequently followed by bap1 and leuO dependent matrix synthesis (Moorthy and Watnick, 2005) . Similarly, biofilm development in Pseudomonas aeruginosa occurs in four stages, initiated by reversible attachment that proceeds to irreversible attachment, followed by two stages of maturation (Petrova and Sauer, 2009 ). While bfiS is required for transition from reversible to irreversible stage, bfmR facilitates transition from irreversible attachment to maturation-1 stage, and mifR appears to be involved in transition from maturation-1 to maturation-2 stage (Petrova and Sauer, 2009 ). Anchorage of Staphylococci biofilms to the host substrata is facilitated by MSCRAMMs (microbial surface components recognizing adhesive matrix molecules), whereas intercellular aggregation requires the presence of the ica locus encoding polysaccharide intercellular adhesin (PIA) and accumulation associated proteins Aap and SasG (Heilmann et al., 1996; Cramton et al., 1999; Cucarella et al., 2001; Conrady et al., 2008) .
Pathogenic and environmental species of mycobacteria including Mycobacterium tuberculosis, Mycobacterium avium, Mycobacterium ulcerans and Mycobacterium smegmatis form drug-tolerant biofilms through dedicated genetic programs (Ojha et al., 2005; Hall-Stoodley et al., 2006; Yamazaki et al., 2006; Marsollier et al., 2007; Ojha et al., 2008; Bosio et al., 2012) . Moreover, a multi-stage developmental process of mycobacterial biofilms is suggested by the arrest of a DgroEL1 mutant of M. smegmatis at the monolayer stage (Ojha et al., 2005 (Ojha et al., , 2010 . However, molecular demarcations of the developmental stages and the underlying checkpoints remain unclear for mycobacterial biofilms. In this study, fortuitous discovery of a suppressor of a biofilm-defective mutant, Dlsr2, has allowed us to address this gap. By analysis of the suppressor, we distinguish substratum attachment from intercellular aggregation in mycobacterial biofilms, and show that intercellular aggregation but not substratum attachment is necessary for subsequent development of matured biofilms. The findings reveal a hierarchical order of developmental stages in mycobacterial biofilm formation.
Results

Suppression of a Dlsr2 mutant by a mutation in mps
To isolate biofilm-defective mutants, a pool of 100,000 transposon mutants of M. smegmatis mc 2 155 was cultured in a syringe containing detergent-free medium (Supporting Information Fig. S1 ). Thick pellicles developed at the air-liquid interface after 5 days of incubation. We hypothesized that the liquid underlying the pellicle contained mutants, which either existed predominantly in planktonic form, or were micro-clusters of cells dislodged from the pellicles. To enrich and isolate this subpopulation, we filtered the contents of the syringe through a 5 lm filter. We recovered 120 colonies representing 27 unique mutants from the filtrate (Supporting Information Table S1 ). Of these, 28 had an insertion at the 449th nucleotide of MSMEG_2952, and 61 had an insertion at the 261st nucleotide of MSMEG_6092, which encodes for a nucleoid associated protein, Lsr2. While the isolation of lsr2 as a biofilm-defective mutant is consistent with previous reports (Chen et al., 2006; Nguyen et al., 2010) , the abundance of siblings of lsr2 and MSMEG_2952 mutants in the filtrate suggests that the mutants are able to grow better in the relatively hypoxic condition below the pellicles. To further understand their phenotypes, we constructed precise deletions of MSMEG_2952 and lsr2 in mc 2 155. Both mutants failed to grow at the air-medium interface, instead accumulated biomass at the bottom of the culture (Fig. 1A,B ). This was corroborated by increase in CFU of DMSMEG_2952 and Dlsr2 among the submerged subpopulation (Supporting Information Fig.  S2A ). Moreover, both mutants formed smooth colonies on a solid medium, but exhibited normal growth in planktonic culture (Supporting Information Fig. S2B ,C). During unsuccessful attempts to complement DMSMEG_2952, we obtained three rough-colony revertants that maintained their morphology even in the absence of the complementing plasmid (Supporting Information Fig. S3A ). Because of the deletion in MSMEG_2952 (Supporting Information Fig. S3B ), the smooth-to-rough colony conversion was interpreted to be due to an extragenic suppressor mutation. Wholegenome sequence analysis of one of the revertants, followed by targeted PCR of all three clones, revealed a single nucleotide insertion in MSMEG_0400 gene that truncates its open reading frame (data not shown). MSMEG_0400 encodes a mycobacterial non-ribosomal peptide synthase (mps), which synthesizes the peptide backbone of glycopeptidolipids (GPLs) (Billman-Jacobe et al., 1999) . Mutations in mps have been shown to eliminate the outermost capsular layer of the envelope, reduce cell permeability, cause hyperaggregation, and result in a colony morphology rougher than mc 2 155 (Billman-Jacobe et al., 1999; Etienne et al., 2002) . To verify the suppressor mutation, we engineered an amber mutation at the 11th residue (S11X) of mps in an unmarked DMSMEG_2952 strain (Supporting Information Fig.  S3C ). The double mutant, called DMSMEG_2952/ mps S11X , was expectedly devoid of GPL and formed fully matured biofilms that were indistinguishable from the parent mc 2 155 ( Fig. 1A-C) . Similar to DMSMEG_2952/ mps S11X , a deletion of mps in a Dlsr2 background (Dlsr2/ Dmps) resulted in loss of GPLs and substantially restored biofilm formation (Fig. 1A, B and D) .
Interestingly, deletion of mps did not rescue the impaired biofilms of a DgroEL1 mutant (Ojha et al., 2005) , implying distinct roles for Lsr2 and GroEL1 in formation of biofilms (Fig. 1A,B) .
Cell-substratum attachment and intercellular aggregation have distinct genetic requirements
Suppression of Dlsr2 and DMSMEG_2952 by an mps mutation was surprising, given that GPLs have been proposed to have an important role in M. smegmatis biofilm formation by facilitating cellular attachment to the substratum and sliding motility (Recht and Kolter, 2001) . To further clarify this apparent discrepancy, we analyzed biofilms of a deletion mutant of mps in mc 2 155 background. The mutant was confirmed for loss of GPL in its envelope (Supporting Information Fig. S3D ). Similar to mc 2 155, the Dmps strain formed biofilms at the airmedium interface (Fig. 1A ), which together with earlier reports of the hyperaggregative and rough-colony morphology of a Dmps strain (Billman-Jacobe et al., 1999; Etienne et al., 2002) , led us to hypothesize that the mutants from our screen would be defective in intercellular aggregation. We therefore evaluated the aggregation proficiencies of DMSMEG_2952, Dlsr2 and their suppressor strains. We determined the rate of decrease in optical density of cells in a standing, detergent-free liquid suspension. In this assay, reduction in cumulative cell surface area upon aggregation proportionately reduces the total light scatter (Malik et al., 2003) . Aggregation of a suspension of wild-type and Dlsr2 complemented cells in detergent-free PBS progressively increased to a maximum value in about 10 min, while aggregation of Dlsr2 and DMSMEG_2952 cells was significantly delayed (Fig. 2A) . However, aggregation of the suppressor strains reached a saturating value in < 5 min, consistent with the previously observed hyperaggregation with Dmps cells (Fig. 2A) . The findings of the optical assay were further verified by a qualitative microscopic assay, in which 200 ll of homogenously suspended cells of a fluorescently labeled strain was placed on a pre-focused glass-bottom dish on an inverted microscope and appearance of fluorescent aggregates at the bottom was measured over a 10-min period. Consistent with the optical assay, Dlsr2 produced fewer aggregates than mc 2 155, but numerous large aggregates of Dlsr2/Dmps were easily evident in the period (Fig. 2B) . We further investigated if substratum attachment of cells was impacted by the mutations. Detergent-free suspensions of fluorescently labeled strains were analyzed for their attachment to a polystyrene substratum after 24 h of incubation at 378C. In this assay, both DMSMEG_2952 and Dlsr2 cells formed a uniform monolayer on the substratum, similar to mc 2 155 (Fig. 2C,D) .
By contrast, attachment of their suppressor strains was non-uniform, and dominated by cellular aggregates (Fig.  2C,D) . This implies that substratum attachment and intercellular aggregation require distinct surface properties of the envelope, determined by different sets of genes. Furthermore, GPL appears to have opposite role in substratum attachment and intercellular aggregation. Importantly, neither substratum attachment nor intercellular aggregation was impaired in the DgroEL1 mutant (Supporting Information Fig. S4 ): consistent with a role of the chaperonin at a developmental stage following attachment and intercellular aggregation.
To precisely define the role of GPL in biofilm development, we closely compared the growth and development of pellicle biofilms by Dmps with mc 2 155. Expectedly, mc 2 155 formed a uniform monolayer along the sidewall of the container as well as on the air-medium interface by 3rd day of incubation, developing into matured pellicles by 5th day (Fig. 3A,B) . By contrast, Dmps mutant primarily formed suspended and isolated aggregates, with spotted attachment foci on the sidewall after 3 days of incubation (Fig. 3A,B) . Although the biomass of the suspended aggregates of Dmps increased by the 4th day, unoccupied space on the air-medium interface remained evident (Fig. 3B) . However, the mutant formed a fully textured pellicle, similar to its parent mc 2 155, by the 5th day. The developmental course of Dmps biofilms is consistent with a specific role of GPL as a facilitator of cellular motility and subsequent spreading on a surface, likely by reducing cell-cell aggregation. Phenotypic similarity between DMSMEG_2952 and Dlsr2 led us to analyze the expression of each of the two genes upon mutation in the other. While expression of MSMEG_2952 remained unchanged upon lsr2 mutation, expression of lsr2 was about eightfold less in DMSMEG_2952 (Supporting Information Fig. S5 ). Moreover, overexpression of lsr2 from a constitutively strong promoter (P hsp60 ) restored the biofilm development of DMSMEG_2952 (Supporting Information Fig. S5 ). It is Fig. 1 . Suppression of biofilm-defective mutants, Dlsr2 and DMSMEG_2952, by a secondary mutation in a GPL biosynthesis gene, mps.
A. Top-down view of pellicle biofilms of the indicated strains formed on an air-liquid interface after 5 days of incubation. mc 2 155 is the parent strain of M. smegmatis. Dlsr2/Dmps and Dlsr2/DgroEL1 denote deletions of both genes in the same strain; DMSMEG_2952/mps S11X denotes truncation of mps in DMSMEG_2952 strain; Dlsr2comp denotes a Dlsr2 strain complemented with a plasmid carrying the wild-type copy of lsr2. While growth in Dlsr2 and DMSMEG_2952 occurs beneath the liquid at the bottom on the culture, DgroEL1 and DgroEL1/Dmps form untextured monolayers at the interface that contrast with the textured pellicle produced by the other strains. B. Biomass (wet weight per ml of culture medium) of 5-day-old pellicles from the indicated strains (mean 6 SD, n 5 3, ***p < 0.001). Values for Dlsr2 and DMSMEG_2952 could not be determined (ND) due to lack of pellicles. C and D. Thin layer chromatography (TLC) showing loss of glycopeptidolipids (GPL) in DMSMEG_2952/mps S11X (C), and Dlsr2/Dmps (D). mc 2 155 and the respective single mutant strains were used as controls in both panels. The arrows indicate four major species of apolar GPL constitutively present in the envelope, which differ from each other with respect to the extent of methylation on the sugar moieties (Ojha et al., 2002) . A. Aggregation index of the indicated strains suspended in detergent-free PBS over the indicated time period. The strain nomenclature is same as described for Fig. 1A . B. Visualization of aggregates of the indicated strains (expressing mCherry) settled at the bottom of a glass surface from a suspension over a 10-min period. C. A representative fluorescent micrograph showing the indicated strains, each expressing mCherry constitutively, attached to the bottom of a polystyrene plate after 24-h of incubation. The plate was washed three times to remove non-adherent cells before imaging. D. The plot shows the coverage of the surface by each strain in five biologically independent micrographs (mean 6 SD, n 5 5, **** denotes p < 0.0001 by unpaired t-test). The values, obtained using ImageJ software, represent the ratios of the total pixels associated with bright areas to the total area. thus likely that lsr2 expression is responsive to a cis-element in MSMEG_2952. To avoid redundancy, we omitted DMSMEG_2952 and its suppressor from further studies.
Biofilms of Dlsr2/Dmps have similar properties to mc 2 155 biofilms
We next investigated whether the Dlsr2/Dmps strain exhibited other characteristics associated with the biofilms of mc 2 155. The extracellular abundance of free mycolic acids (FM), as a matrix material, is one of the key structural features of mycobacterial biofilms (Ojha et al., 2008 (Ojha et al., , 2010 . While the FM levels were reduced in Dlsr2 biofilms, the levels in Dlsr2/Dmps biofilms were similar to mc 2 155, suggesting a restoration of signals that trigger FM synthesis and maturation of biofilms (Fig. 4A,B) . We further tested Dlsr2/Dmps biofilms for tolerance to antibiotics and conjugal transfer of DNA, two established properties of mycobacterial biofilms (Nguyen et al., 2010; Ojha et al., 2010) . A substantial restoration of both phenotypes was observed in Dlsr2/ Dmps biofilms (Fig. 4C,D) . Together, these three assays indicate that the biofilms formed by the suppressor are morphologically and functionally similar to that of the parent mc 2 155 strain.
Lsr2 has an indirect role in biofilm formation
Lsr2 binds at hundreds of genomic sites and impacts the expression of a large set of genes in M. smegmatis (Colangeli et al., 2007; Gordon et al., 2010 Table S3 ), and 112 genes with decreased expression in the mutant (Fig. 5A , Supporting Information Table S4 ), when a statistically significant (q < 0.05) fourfold difference was used as the cut-off point. The differences observed from RNA-seq data are much greater than those identified in a previous microarray-based transcriptomic study performed on planktonic cultures of Dlsr2 and mc 2 155 (Colangeli et al., 2007) . This could be attributed either to differences in growth condition or a greater linear dynamic range of the RNA-seq technique. However, similar to our data, more genes with increased expression than those with decreased expression were found in the previous study (Colangeli et al., 2007) . This finding is in agreement with the idea that Lsr2 is primarily a negative regulator of gene expression. No difference in the expression of mps was observed (Supporting Information Table S2 ), which was consistent with the similar levels of GPLs found in both Dlsr2 and mc 2 155 (Fig. 1C) .
However, Kocincova et al. proposed that Lsr2 negatively regulates mps expression (Kocincova et al., 2008) . Their conclusion was based on analysis of smooth colony variants, which produced high levels of GPL and had Developmental stages of mycobacterial biofilms 799 mutations in lsr2. It is plausible that the consequence of Lsr2 on mps expression is conditional upon the presence of additional unidentified mutations in the variants.
The transcriptome profile of the Dlsr2/Dmps suppressor cells showed a striking contrast between genes positively and negatively impacted by the loss of Lsr2 (Fig.  5A ,B, Supporting Information Tables S3 and S4) . Expression of all but one (except MSMEG_6451) genes negatively impacted by a deletion of lsr2 was restored by the secondary deletion of mps, implying that these genes are under indirect control of Lsr2 (Fig. 5A ,B and Supporting Information Table S4 ). A randomly selected subset of five genes confirmed the RNA-seq patterns (Fig. 5C ). Deletion of MSMEG_6451 in mc 2 155 did not produce any detectable biofilm phenotype, thereby ruling out a significant contribution to the Dlsr2 phenotype (data not shown). Only seven genes with elevated expression in the Dlsr2 reverted back to mc 2 155-like expression in the Dlsr2/Dmps double mutant (Supporting Information Table S3 ). Deletion of these seven genes in a Dlsr2 background failed to alter the Lsr2-dependent deficiency in biofilm formation (data not shown), C-acetate, and radiolabeled lipids equivalent to 10 000 cpm were loaded for analysis by thin-layer chromatography in chloroform:methanol (96:4). B. Quantitative analysis of the level of FM as a percentage of total apolar lipids in Fig. 4A . Data represent mean 6 SE (n 5 3, ÃÃ denotes p < 0.01 by unpaired t-test). C. Frequency of conjugal transfer of DNA between a recipient strain of M. smegmatis MKD8, and the indicated donor strains (mean 6 SD, n 5 3, Ã denotes p < 0.05 by unpaired t-test). D. Sensitivity of 5-day-old biofilms of the indicated strains to 400 lg ml 21 of rifampicin. Following 5 days of growth, rifampicin was added in the liquid beneath the pellicles and incubated for the times indicated on the x-axis. At each time point, cells were harvested and plated on fresh medium to determine their viability (mean 6 SD, n 5 3).
suggesting that expression of these genes does not contribute to the Dlsr2 phenotype. Together, the transcriptome of the suppressor confirms Lsr2 as a negative regulator. Although the precise effect of Lsr2 on the envelope that determines aggregation remains unknown, it appears to be less important in a GPL-free envelope.
Nitrogen starvation response in late biofilm development
To understand the significance of the 111 genes (excluding lsr2) whose expression is restored to the mc 2 155 levels upon deletion of mps in a Dlsr2 mutant, we examined using RNA-seq their expression in early (84 h post inoculation) and late (144 h post inoculation) stages of mc 2 155 pellicle biofilms, compared with their expression in a planktonic culture (Supporting Information Table S5 ). Eighty-three of these genes were induced exclusively at the late stage, and one was induced at both stages, while the expression of the remaining 27 genes did not change significantly between the two conditions (Fig. 6A , Supporting Information Table S6 ). The late expression of the 83 genes is consistent with their induction after successful establishment of Lsr2-dependent aggregated growth. A majority of the 83 genes had been detected in a previous microarray-based transcriptomic study of M. smegmatis biofilms (Ojha and Hatfull, 2007) . Their restored expression in a genetic suppressor of an aggregation-deficient mutant suggests they are induced in response to intercellular aggregation, and thus unambiguously defines these 83 genes as biofilm-specific factors associated with the late-stage of development.
About 51 out of the 83 genes, including putative nitrite reductases (MSMEG_0427-28), ammonium transporters (amt 1 : MSMEG_2425, amt 2 : MSMEG_4635 and amt 3 : MSMEG_6259) and Glu/Gln synthetases (MSMEG_6260 and 6263), are controlled by a nitrogen-starvation sensing regulator GlnR (Amon et al., 2008; Jenkins et al., 2013) (Supporting Information Table S6 ). This suggests a biofilm-specific N-starvation response in cells during late stages of development. To further confirm the Nstarvation response in late biofilms, we examined the effect of N depletion on expression of the amt genes in planktonic cultures of mc 2 155. The expression of all three amt genes was induced by 60-to 200-fold within 3 h of incubation of cells in N 0 medium, which lacked supplemental ammonium sulfate and casamino acids, but had normal glucose (Fig. 6B) . However, incubation in C 0 medium (without any primary carbon source, but with normal levels of N sources) did not produce a transcriptional response in the genes (Fig. 6B ). As expected, deletion mutants of loci containing amt genes, DMSMEG_2425-27, DMSMEG_4635-36 and DMSMEG_6259-68, failed to form mature biofilms in N 1/2 -medium (50% of normal levels of ammonium sulfate and casamino acids) (Fig. 6C) . The biomass of the mutants were correspondingly lower than the wild type (Supporting Information Fig. S6A ), although no significant difference in cell density was observed (Supporting Information Fig. S6B,C) . This suggests that nitrogen assimilation in the mutants was above the threshold of the amount required for viability, but below the threshold necessary to produce biomass for the pellicles. This is further supported by the fact that the mutants showed no significant deficiency during planktonic growth in N 1/2 medium (Fig. 6D) . Consistent with the N-specific induction of the genes, the mutants formed normal biofilms in C 1/2 -medium (50% of normal levels of glucose) (Fig. 6C) .
The amt genes are induced after Fe import genes in biofilms
A biofilm-specific response to iron (Fe) limitation, reflected by induced expression of Fe sequestration pathways and their requirement for biofilm formation, has been described previously (Ojha and Hatfull, 2007) . Interestingly, the RNA-seq data in this study suggested that the genes involved in Fe sequestration, including exochelin and mycobactin biosynthesis (MSMEG_0011-15, MSMEG_4509-16) (Ojha and Hatfull, 2007) , as well as the ESX-3 system (MSMEG_0615-25) (Siegrist et al., 2009) , are induced earlier than the 83 genes associated with late biofilms including the three amt genes (Supporting Information Table S6 ). This highlights distinct transcriptional programs in biofilm formation, defined by their specific gene expression patterns. To precisely determine the induction times of Fe and N import genes during biofilm development, we analyzed the expression levels of an amt gene (amt 1 ) and two genes representing Fe sequestration systems (MSMEG_0615 and MSMEG_4509). The mRNA samples were collected from an early (day-3) stage through to the matured biofilm stage (day-7) (Ojha et al., 2005) . Induction of the two Fe sequestration genes peaked at day-4, while induction of amt 1 was maximal at day-5 (Fig. 6E) . Expression of all three genes decreased to a basal level by day-6 (Fig. 6E) , suggesting that the inductions of Fe and N import genes are driven more by increased metabolic demand during developmental phases of biofilm formation, rather than by acute starvation in the restrictive microenvironment within biofilms.
Induction of amt, but not Fe import genes, requires GroEL1 activity in biofilms
The chaperonin GroEL1 modulates mycolic acid biosynthesis to produce FM during maturation of biofilms (Ojha et al., 2005 (Ojha et al., , 2010 . We therefore examined the requirement for GroEL1-dependent functions for induction of Fe and N import activities. Induction of the Fe Fig. 6 . Genes with restored expression in the Dlsr2/Dmps suppressor are induced during maturation of mc 2 155 biofilms. A. Heat map depicting difference in expression levels of 111 genes, which are decreased in a Dlsr2 strain but restored in a Dlsr2/Dmps strain (Supporting Information Table S4 ). Expression of genes was measured in early and late biofilms (bf) of mc 2 155, and compared with their basal levels in a planktonic (plnk) culture of the strain. Eighty-three of these genes are expressed exclusively in late-stage biofilms (see the list in Supporting Information Table S6 ). B. Expression of three amt genes (amt 1 : MSMEG_ 2425, amt 2 : MSMEG_4635 and amt 3 : MSMEG_6259) in planktonic mc 2 155 cells after 3 h of incubation in N 0 , or C 0 variations of biofilm (bf) medium, free of primary sources of nitrogen and carbon respectively. C. Five-day biofilms of the wild-type and indicated mutants in N 1/2 or C 1/2 variations of complete bf medium containing half the amounts of these nutrients. The mutants are denoted with their respective MSMEG_ numbers. D. planktonic growth of wild-type and mutants shown in panel C in N 1/2 biofilm medium. E. Expression of Fe sequestering genes (MSMEG_0615 and MSMEG_4509) and amt 1 during biofilm growth of mc 2 155 at the indicated time post inoculation. F. Comparison of expression of the amt genes in planktonic (plnk) and 5-day (5d) biofilms (bf) of wild-type and DgroEL1 cells. All expression levels were determined by RT-qPCR and C t values were normalized using the sigA transcript. Data in panels B, D, E and F represent mean 6 SD, n 5 3.
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import genes in the day-4 biofilms was mostly unaffected in a DgroEL1 mutant (Supporting Information Fig.  S7A ). However, induction of all three amt genes in day-5 biofilms required GroEL1 activity (Fig. 6F) . Their induction in a nitrogen-limiting planktonic culture of a DgroEL1 strain was unaffected (Supporting Information Fig. S7B ), thereby ruling out a direct role of GroEL1 in their regulation. Thus, signals inducing amt genes, and perhaps other N import genes, are likely generated from a GroEL1-dependent checkpoint that likely occurs before the day-5 stage.
Discussion
Our study sheds light on the likely order of molecular events and their genetic requirements during development of M. smegmatis biofilms (Fig. 7) . During early stages of biofilm formation, Lsr2 appears to be critical for aggregated growth of cells that contain GPLs on the surface. However, the precise determination of the Lsr2-dependent aggregation factor(s) requires further investigation. In contrast to the effect of Lsr2, GPLs in the envelope appear to inhibit aggregation or promote disaggregation. Thus, the presence of GPL in the envelope could maximize the surface area of the suspended planktonic aggregates during initial attachment to a substratum, and also allow spreading of the aggregates on the substratum by facilitating sliding motility in the loosely-held cells (Recht and Kolter, 2001 ). The inverse relationship between aggregation and sliding motility is further consistent with the hypermotility of a Dlsr2 mutant on a semi-solid substratum (Arora et al., 2008) . However, GPL-dependent attachment and motility appears to be unimportant for biofilm development on an air-liquid interface, likely because the liquid permits free diffusion and growth of suspended aggregates. Biofilms formed by cells without GPLs on a solid substratum are likely to be poorly attached, but developmentally matured. Thus, GPLs could have a specialized role in formation of anchored biofilms under shear fluid flow. This process could be relevant for environmental mycobacteria like M. avium, which is abundantly found in showerheads and sewage systems (Feazel et al., 2009) .
Following the early events of attachment and aggregated growth ($ 2 days under the studied condition), a GroEL1-dependent increase in FM synthesis is observed (Ojha et al., 2005 (Ojha et al., , 2010 , triggering the next phase of development. The later requirement of the chaperonin in the developmental process is also consistent with the observation that DgroEL1 strains exhibit a normal aggregation phenotype (Supporting Information  Fig. S4 ). The sequential induction of Fe and N import genes at the day-4 and day-5 stages, respectively, indicates that there are additional discrete steps in the maturation process. The temporal nature of these steps further suggests that each step is likely characterized by a unique physiological cell state, which is determined by the requirement for specific nutrients during different phases of maturation. Although the induction of Feimport genes at the day-4 stage is consistent with a requirement for Fe at this stage, the signals leading to this requirement appear to originate prior to the GroEL1-dependent phase of the maturation process. The GroEL1-dependent induction of amt genes at the day-5 stage biofilm, but not in planktonic culture, indicates that there are biofilm-specific signals produced that are necessary for the maturation.
Given that Lsr2 is required during early stages for intercellular aggregation, restoration of conjugal transfer of DNA and rifampicin tolerance in the Dlsr2 suppressor is broadly consistent with the idea that the cellular The genes used in this study to define these stages are indicated. Planktonic cells attach to a substratum, the coverage of which is determined by Mps-dependent GPLs in the envelope. GPLs inhibit aggregation and also allow spreading of cells on the substratum. Lsr2 is required for aggregated growth of cells containing GPLs in the envelope. Growth of aggregates triggers GroEL1-dependent FM synthesis, and induction of Fe-sequestration pathways that mark the early stage of maturation. These are followed by induction of N-assimilation/import genes at late-stage of maturation.
phenotypes unique to biofilms emerge during the later developmental stages. Delayed and differential expression of Fe and N utilization genes could play an important role in the temporal emergence of these biofilmassociated phenotypes. In summary, the characterization of a suppressor of a biofilm defective lsr2 mutant from a secondary mutation in mps has redefined the roles of both Lsr2 and Mps in early stages of mycobacterial biofilm development, and provided an evidence for the relationship between form and functions of biofilms. In addition, the transcriptional profiling of these mutants has offered an unprecedented molecular insight into the order of genetic events in maturation of biofilms. These findings together provide a more detailed framework to further determine the biology of mycobacteria in biofilms.
Experimental procedures
Bacterial strains and media
A list of all strains and plasmids are in Supporting Information Tables S7 and S8 . Unless indicated, M. smegmatis mc 2 155 was grown at 378C in 7H9ADC (Becton Dickinson) with 0.05% Tween-80 for planktonic cultures. 7H10ADC agar (Becton Dickinson) was used for plate cultures. Escherichia coli (DH5 a) was grown at 378C in LB broth or LB agar. As necessary, hygromycin, kanamycin and zeocin were added at 150, 20 or 25 lg ml 21 , respectively, to the growth medium. Biofilms of M. smegmatis strains were grown as described earlier (Ojha et al., 2005) . Briefly, cells from 10 ll of saturated planktonic cultures were inoculated into 10 ml of antibiotic-free complete biofilm medium (modified M63 medium: 15 mM NH 4 SO 4 , 100 mM KH 2 PO 4 , 0.5% w/v casamino acids, 1.8 lM FeSO 4 Á 7H 2 O, 110 mM glucose, 1 mM MgSO 4 , 1 mM CaCl 2 ) in either 60 mm polystyrene dishes or 12-well polystyrene plates, and incubated stationary at 308C up to 7-days. The N 0 version of biofilm medium was prepared by omitting casamino acids and ammonium sulfate from the complete biofilm medium. The N 1/2 version was prepared by reducing the initial concentrations of the nitrogen sources by half. Similarly, C 0 and C 1/2 versions of biofilm medium were prepared by either omitting glucose (for C 0 ), or reducing it to half (for C 1/2 ).
Screening of transposon mutant library
A high-density library of $100,000 primary colonies was prepared using phMycomarT7 (Sassetti et al., 2001) . The library was pooled and cultured in 7H9ADC with 0.05% w/v Tween-80 with 20 lg ml 21 kanamycin until OD 1.0 (6 3 10 8 CFU ml
21
). About 100,000 cells were inoculated in 5 ml biofilm media and aspirated into a 10 ml syringe. The syringe was placed upright, with its tip sterilized and parafilm-wrapped for 5 days (Supporting Information Fig.  S1 ). The content of the syringe was filtered through a 5 lm filter and plated on 7H10ADC with 20 lg ml 21 kanamycin. Transposon insertion sites in the colonies were mapped as described earlier (Ojha et al., 2015) .
Construction of mutants and plasmids
All plasmids and oligonucleotides used in this study are listed in Supporting Information Tables S7 and S9 respectively. Mutations in M. smegmatis were constructed using previously described methods (Bardarov et al., 2002; Van Kessel et al., 2008) . The isogenic deletion mutant, DMSMEG_2952, was constructed using the gene replacement technique (Bardarov et al., 2002) , for which the PCR-amplified allelic exchange substrates were cloned into AflII-XbaI (left arm) and NheI-BglII (right arm) of pYUB854 respectively. The recombinant plasmid was subsequently packaged into the PacI site of phAE87. The recombinant transducing particles were transduced into mc 2 155. Recombinant hyg r colonies were confirmed by Southern blot for the expected genotype. Recombineering was used for construction of all other mutants. For construction of mps S11X , an unmarked DMSMEG_2952 strain containing the recombineering plasmid pJV62 was grown in 7H9 medium with 0.2% succinate and 0.05% Tween-80 at 378C until an OD 600 0.5, 0.2% acetamide was added to induce the recombineering proteins. Electrocompetent cells were prepared after 4 h of induction. The 60 base-pair single stranded oligonucleotides were designed with the necessary mutations and co-electroporated with the marker plasmid pJT4. The plasmid pJT4 was constructed by cloning the hyg r gene from pYUB854 into pMH94 between the XbaI and NheI sites. Electroporated colonies were plated on 7H10ADC with hygromycin (150 lg ml
21
) and kanamycin (20 lg ml
). Candidate revertant colonies were selected based on rough colony morphology and confirmed by sequencing. For construction of deletion strains by recombineering, allelic exchange substrates were generated by sewing-PCR on either side of a loxP flanked zeocinresistant cassette using the respective primers listed in Supporting Information Table S6 . The PCR-products were electroporated into an electrocompetent recombineering strain, mc 2 155-pJV53-SacB, and plated on 7H10ADC with 25 lg ml 21 zeocin. The genotype of zeo r colonies was confirmed by PCR. The recombineering plasmid, pJV53-SacB, was removed by plating the cells on 7H10ADC with 15% sucrose, and screening sucrose resistant colonies for sensitivity to kanamycin, the marker for pJV53-SacB. The zeo r marker was removed by excision using a Cre recombinase. pCre-SacB was electroporated into the mutant cells and transformants were screened for loss of zeo r . The zeo s colonies were screened on 7H10ADC with 15% sucrose to obtain clones without the pCre-SacB plasmid. The rescued unmarked mutants were complemented as indicated. The rescued unmarked Dlsr2 and DgroEL1 strains were used for introducing mps deletion by recombineering.
Attachment assay
Briefly, cells constitutively overexpressing mCherry from an integrative plasmid were cultured in 10 ml of detergent-free 7H9ADC media until late-log phase. The cells were harvested and washed three times in 10 ml PBS, and resuspended in PBS to an OD 600 of 0.1. Subsequently, a 5 ml aliquot of each sample was transferred to a polystyrene petri dish (Falcon) and incubated at 378C for 24 h. After the Developmental stages of mycobacterial biofilms 805 incubation, liquid was aspirated from the plate and residual unattached cells were removed by three washes of 10 ml PBS, each for 5 min on a shaker at 50 rpm. Attached cells were fixed with 2% paraformaldehyde made in PBS for 15 min at room temperature. The plates were air-dried for 24 h at room temperature and examined under fluorescent microscope at 203 magnification. Micrographs were analyzed by ImageJ.
Aggregation assay
Strains of M. smegmatis were inoculated from an agar plate into 10 ml of 7H9ADC media without Tween-80 and cultured until saturation. Cells were washed three times and resuspended in 10 ml of PBS. The cellular aggregates in the suspension were broken with repeated passage through an 18G needle fitted in a syringe. After vortexing for 30 s, 1 ml of the cell suspension was added to a cuvette and placed in the spectrophotometer. The initial (0 min) OD 600 reading was taken the moment the lid of the spectrophotometer was closed and readings were at taken each subsequent minute for 15 min. Aggregation index scores were calculated using the following equation:
For microscopic analysis of the aggregates settling from suspension, cells constitutively overexpressing mCherry from an extrachromosomal plasmid were cultured and processed the same way as for the optical assay. Then 200 ml of cells, adjusted to a density of 10 6 cfu ml 21 in detergentfree PBS, placed on a pre-focused optical dish for 10 min under inverted fluorescent microscope at 203 magnification. Appearance of aggregated at the focal plane (bottom of the dish) were recorded.
Antibiotic tolerance assay
The antibiotic sensitivity of biofilms at a given time of drug exposure was determined as described earlier (Ojha et al., 2008) . Briefly, two sets of each strain were cultured as biofilms in complete biofilm medium for 5 days at 308C. To one set, 400 lg ml 21 rifampicin was added and the exposed biofilms were incubated at 308C for the indicated period, while the other set was incubated unexposed. At the indicated time point, the rifampicin exposed and unexposed biofilms were harvested, dispersed in PBS with 0.1% Tween-80 for 24 h, and plated on 7H10ADC to count the number of viable cells. The ratio of viable cells in exposed to unexposed biofilms was calculated to determine the percentage of surviving cells.
Genome sequencing and analysis
Genomic DNA from the described strains was isolated and a library preparation of the fragments was performed using the Ion Xpress TM Plus Fragment Library kit (Life Technologies) according to manufacturer's instructions. One microgram of DNA was fragmented by incubation at 378C for 9 min in 13 reaction buffer and 25% Enzyme Mix II. The reaction was stopped by addition of stop buffer and DNA was purified using Ampure XP reagent (Agencourt). A 1:10 dilution of fragmented DNA was analyzed on the Agilent Bioanalyzer to verify that median fragment size was 350-450 bp. Sequencing adapters and Ion Xpress barcodes were ligated to fragmented DNA, nick repair was performed and DNA was purified using Ampure beads. The library was size selected for 350-400 bp fragments using an E-Gel SizeSelect TM (Life Technologies). The library was amplified via 8 cycles of PCR. Library quantitation was performed using the Ion Library Quantitation kit (Life Technologies). Following template generation by OneTouch2 and bead enrichment, the library was loaded on an Ion Torrent PGM 318 chip (Life Technologies) and the sequencing reaction was run for 850 flows for a median read length of 283 bp. Raw sequences were filtered for quality score of 20 and the sequence alignment was performed on a CLC Genomics platform.
Extraction and analysis of lipids
FM analysis was performed as described previously (Ojha et al., 2008) . Briefly, cells were grown as biofilms in complete biofilm medium containing 1 lCi ml 21 of 14 C-acetic acid, sodium salt (Perkin Elmer # NEC084H001MC). Total cells were harvested, washed and FM-rich apolar lipids were extracted in 2 ml methanol:0.3% NaCl (10:1) and 1 ml petroleum ether per 50 mg dried biomass. Apolar lipids equivalent to 10 000 cpm from the air-dried organic layer were analyzed by thin-layer chromatography in chloroform:-methanol (96:4). GPL analysis was performed as described previously (Ojha et al., 2002) . Briefly, indicated strains were grown in 50 ml of detergent-free 7H9ADC medium at 378C until saturation, and total lipids from harvested cells were extracted twice with 10 ml of chloroform:methanol (2:1) for 24 h at room temperature, and the extracts were pooled and dried at room temperature. The air-dried lipids were resuspended in 7 ml chloroform:methanol:water (4:2:1), and centrifuged at 2000 rpm for 10 min to collect the organic layer, which was air-dried and resuspended in 1 ml chloroform:methanol (2:1). The suspension was treated with an equal volume of 0.2 M NaOH in methanol at 378C for 30 min and then neutralized with glacial acetic acid. The organic layer was collected by centrifugation. The deacylated lipids obtained from the dried organic layer were then developed on a TLC plate with chloroform:methanol (9:1). GPL was visualized by spraying the plate with 0.2% orcinol in 10% ethanolic H 2 SO 4 , followed by 10 min of baking at 1218C.
RNA-seq
The mc 2 155 and its mutant derivatives were grown on 7H10ADC plates at 378C to obtain a confluent lawn. Total RNA was extracted from the lawn of cells using a Qiagen RNeasy kit and contaminating DNA was removed with the turbo DNA-free kit (Thermo Fisher Scientific). For each sample, 5 mg of total RNA was processed for rRNA removal using the RiboZero kit (Illumina). Strand-specific DNA libraries were then prepared with 100 ng of mRNA using the Scriptseq Complete Kit-Bacteria (Illumina). Libraries were sequenced on the NextSeq500 platform (Illumina). Sequences were analyzed by Rockhopper (McClure et al., 2013) at default settings using the reference genome of M. smegmatis mc 2 155 (NC_008596). RNA-seq of planktonic and pellicle biofilms of mc 2 155 were performed similarly, but cells were grown in detergent-free modified M63 biofilm medium as previously described (Ojha et al., 2005) .
RT-qPCR
All oligonucleotides used for RT-qPCR are listed in Supporting Information Table S9 . DNA-free RNA for RT-qPCR was extracted as described for RNA-seq. For each sample, 200 ng of RNA was used for reverse transcription using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). RT-qPCR was performed on a 7000 fast RT-qPCR System (Applied Biosystems) with SYBR Green Master Mix following the manufacturer's instructions. Relative expression of target gene is calculated as 2 2DCt (gene of interest-sigA) .
Filter mating assay
Filter mating assay was done according to the protocol as described previously (Nguyen et al., 2010) . Briefly, donor and recipient strains were cultured in tryptic soy broth (TSB) with 0.05%Tween-80 at 378C until an OD 600 of 1.0. Aliquots of 0.5 ml each of donor and recipient cells were mixed together and pelleted by centrifugation. The cells were washed twice in TSB, and were resuspended in a final volume of 100 ll TSB. Cells were spotted onto a filter, which was placed on tryptic soy agar (TSA) and incubated at 308C for 24 h. The cells were removed from the filter and resuspended in 1 ml TSB with 0.05%Tween-80 by vortexing. The numbers of donors, recipients, and transconjugants were determined by plating cells onto TSA plates with appropriate antibiotics that selected for each population. The conjugation frequency was expressed as the number of transconjugants per donor.
